To test whether the structure of a protein is determined in a manner akin to the assembly of a jigsaw puzzle, up to 10 adjacent residues within the core of T4 lysozyme were replaced by methionine. Such variants are active and fold cooperatively with progressively reduced stability. The structure of a seven-methionine variant has been shown, crystallographically, to be similar to wild type and to maintain a well ordered core. The interaction between the core residues is, therefore, not strictly comparable with the precise spatial complementarity of the pieces of a jigsaw puzzle. Rather, a certain amount of give and take in forming the core structure is permitted. A simplified hydrophobic core sequence, imposed without genetic selection or computer-based design, is sufficient to retain native properties in a globular protein.
The cores of globular proteins consist of buried, primarily hydrophobic, amino acids. Tight packing of the amino acid side chains (1) has led to the idea that the size and shape of the nonpolar amino acids within the core may constrain or define the overall protein fold (2, 3) . This "jigsaw puzzle" model of protein folding was originally introduced by Crick (4) as a "knobs into holes" description of a-helix packing and has been elaborated by Chothia et al. (5) , and by Alber and co-workers (6) . Here the jigsaw puzzle model refers to shape complementarity (3) , not to the pathway of folding (7) . The model is supported by the observation that changes in the sizes and shapes of residues within the cores of proteins are usually destabilizing (8) (9) (10) . Also in support of the model, the structures of a-helical coiled coils appear to be determined by the shapes of the buried side chains (6) . In contrast with this view, it has been shown that alternative core sequences that lead to viable proteins could be selected by random mutagenesis for both A-repressor (11) and T4 lysozyme (12) , among others (13, 14) . It is possible, however, that a limited number of combinations of amino acids are viable and that they are the ones identified by the mutagenic selection. Here we explore an approach in which there is no selection other than the sites of substitution.
MATERIALS AND METHODS
We chose methionine as a generic core-replacement residue for a combination of reasons. First, a methionine side chain occupies roughly the same volume as the frequently observed core residues leucine, isoleucine, and phenylalanine. It is, however, more flexible and can more readily adapt to occupy whatever space might be available. In this sense methionine contrasts with the rigid, predetermined shape of a piece of a jigsaw puzzle. Methionine also occurs relatively infrequently in known proteins (15) . Thus multiple methionine substitutions would be expected to substantially change the composition of the core. Finally, we wondered if the intro- duction of multiple, flexible, amino acids within the core of a protein might lead to the onset of molten globule characteristics (16) .
All sites of substitution are buried within the carboxylterminal domain of T4 lysozyme, and the side chain of each residue contacts at least one other side chain of the set. The 10 single-site mutants as well as various multiple-methionine mutants were constructed (17) in cysteine-free pseudo wildtype lysozyme, hereafter identified as WT* or wild type (18) . Activity and stability measurements for the 10 single mutants, together with the 7-Met and 10-Met mutants, are listed in Table 1 .
RESULTS AND DISCUSSION
All variants possessed native-like properties. The thermal denaturations of the one-and seven-methionine variants are
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12156 Biochemistry: Gassner et al. essentially as cooperative as wild-type, with comparable enthalpies of unfolding ( Fig. la; Table 1 ). The 10-methionine variant unfolds cooperatively, although the enthalpy is reduced (Table 1) . Activity was equal to at least 20% that of wild type, suggesting that active site structure is retained ( Table 1 ). The aromatic circular dichroism spectra of the largest construct, a 10-methionine core variant, was comparable in shape and magnitude to the spectra of wild type. The one-dimensional NMR spectrum of the same variant had significant chemical shift dispersion (data not shown). Taken together these results strongly suggest that the 10-Met variant has a well-defined three-dimensional structure and is not a molten globule (16) .
Crystals of the 7-Met variant (Table 1) were obtained and found to be isomorphous with wild-type lysozyme (18) . X-ray data to a 1.9-A resolution, 92% complete, were measured at room temperature (19, 20) . A difference density map (Fig. 2a) showed seven well defined positive peaks corresponding to the introduction of the electron-dense sulfur at each of the sites of substitution as well as negative density where atoms were deleted.
The variant structure (Fig. 3) The crystallographic thermal factors of the side chains of the seven methionines are, on average, marginally less than the thermal factors of the amino acids that they replace (24.0 A2 versus 25.7 A2). The distal methyl groups are also well-ordered (average thermal factor 23.8 A2). As shown in Fig. 2b , the mobility of the surrounding side chains in the mutant structure is also very similar to wild type. Therefore there is no suggestion that the substitution of seven methionines leads to disorder of the hydrophobic core.
As more and more methionines are introduced into the protein, the overall stability decreases ( Fig. 1 ; Table 1 ). When six or more methionines are substituted, the loss of stability is somewhat less than the sum of the constituent single replacements (Fig. lb) with the discrepancy increasing to a maximum of 2.5 kcal/mol for the 10-methionine construct. This indicates that there is some relaxation in the polymethionine protein that either introduces new, favorable, interactions or relieves some of the strain associated with the single substitutions. The loss in protein stability is understandable. For each methionine replacement there is a reduction in the solvent transfer free energy (about 0.6 kcal/mol for Leu to Met) (23) . Also the side chain of methionine has more degrees of freedom than do other hydrophobic core amino acids. Each methionine-toleucine replacement at a restricted, internal, site is predicted to have an entropy cost of about 0.8 kcal/mol (24, 25) . Taken together, these two factors are expected to reduce the stability of the seven-methionine mutant by about 10 kcal/mol relative to wild type. Some of the replacements may also decrease stability because of introduced strain. The actual loss in stability for the 7-Met mutant is only 5.0 kcal/mol, suggesting that the above estimate of -10 kcal/mol is too high.
The finding that 10 core residues in T4 lysozyme can be replaced with methionine supports the overall importance of the hydrophobic effect in protein folding. At the same time, the results show that the interaction between the core residues is not strictly comparable with the precise spatial complementarity of the pieces of a jigsaw puzzle. Rather, a certain amount of give and take in forming the core structure is permitted. This is in contrast to a-helical coiled-coils where changes in the shape of hydrophobic residues can lead to different packing arrangements (6) .
The observation that methionines substituted at various internal sites remain well ordered suggests that selenomethionine, or telluro methionine, introduced in this fashion should be suitable for MAD phasing (26) . The apparent lack of oxidation of core sites, presumably due to reduced oxygen accessibility, may aid in the use of such oxygen-sensitive analogs.
Previous studies have shown that multiple alanine replacements can be made on the surface of T4 lysozyme, at least within a-helices, with little change in structure or stability (27) . The present study shows that multiple replacements with a single type of amino acid are possible in the core as well, albeit with a progressive loss of stability. It suggests that it may be possible to replace the overall amino acid sequence of a protein with a much simpler sequence based on a subset of the 20 naturally occurring amino acids. Perhaps this may be a way to simplify the protein folding problem.
